Abstract Samples collected from the mangroves of Vellar estuary yielded a mosquitocidal bacterium, whose secondary metabolites exhibited mosquito larvicidal and pupicidal activity. The bacterium was isolated using standard microbiological methods and identified using classical biochemical tests. The mosquitocidal bacterium was identified as Bacillus subtilis, Bacillus thuringiensis, Bacillus sphaericus and Bacillus cereus. Mosquitocidal metabolite(s) was separated from the culture supernatant of the bacterium and its efficacy was against the larval and pupal stages of two different species of mosquitoes and determined in terms of LC 50 and LC 90 . Mosquito larvicidal activity in terms of LC 50 against Anopheleus stephensi and Aedes aegypti was 4.374 and 7.406 ll/ml and its pupicidal activity was 4.928 and 9.865 ll/ml, respectively. The present study proved that the mosquitocidal properties of the Bacillus species isolated from mangroves of Vellar estuary was evaluated as target species of mosquito vectors. This is an ideal eco-friendly approach for the vector control programs.
Introduction
Mosquitoes are the oldest human enemy and control of mosquitoes is of prime importance in recent years because of the numerous diseases caused by them . Among the many diseases, malaria and filariasis are the most serious parasite-borne diseases of tropical regions (Pandey et al. 2007 ). Worldwide, various strategies have been developed to reduce the prevalence of various vectors responsible for yellow fever, chikungunya fever, dengue hemorrhagic fever, dengue syndrome, malaria, Japanese encephalitis and lymphatic filarisis (Ali et al. 1995) . Mosquitoes are the disease causing vectors within almost all tropical and subtropical countries which are responsible for the transmission of pathogens causing some of the life threatening and debilitating diseases of human (Chandra et al. 2008 ) which has put 55 % of the world's population at risk in 124 countries (Beatty et al. 2007 ). Aedes aegypti is the major vector for chikungunya and dengue (Sourisseau et al. 2007 ). The highest number of malaria, P. falciparum cases, and malaria-related deaths are recorded from the state of Orissa located in the eastern part of India (Sharma et al. 2010) . There is no specific treatment for these vector borne diseases. The present outbreak, which has seen more than 40 people die in the past 2 weeks in the south and central districts of Kerala. According to sources, more than 100,000 people are down with fever in the south and central districts of the state and the disease is now spreading to the northern districts as well. According to a study conducted by the Indian Institute of Management in Ahmadabad, Aedes mosquito primarily cause dengue fever and chikungunya costs India alone a hefty US$ 1.3 billion every year, 95 % of that due to illness (WHO 2009 ).
In recent years as a result of changes in public health policy, social factors and development of resistance in mosquitoes as well as the pathogens they transmit, there has been resurgence in the incidence of mosquito borne disease. Although chemical insecticides provide effective control of mosquitoes, development of resistance to them has been widely reported (WHO 1992; Rodriguez et al. 2001 ). There are 350-500 million clinical cases of malaria per year with about one million deaths. In India, around two million malaria cases are being reported annually (Kumar et al. 2007) . Around the world, the medical and economic burden caused by vector-borne disease continues to grow as current control measures fail to cope. There is an urgent need to identify new control strategies that will remain effective, even in the face of growing insecticide and drug resistance (Achs and Malaney 2002) . Vector control strategies include chemical based control measures, non-chemical based control measures and biological control agents (Poopathi and Tyagi 2006) . Repetitive use of man-made insecticides for mosquito control disrupts natural biological control systems and lead to reappearance of mosquito populations. It also resulted in the development of resistance, detrimental effects on non-target organisms and human health problems and subsequently this initiated a search for alternative control measures (Das et al. 2007; Zhang et al. 2011 ).
An alternative is the microbial pesticides and is advantageous as they are eco-friendly and specific to the target organisms. Among various microbial pesticides, Bacillus thuringiensis and B. sphaericus are being used widely as larvicidal bacteria for mosquito control (Balaraman 1995; Lee and Zairi 2005; Medeiros et al. 2005; Armengol et al. 2006) . However, the development of resistance to B. sphaericus by vector mosquitoes (Nielsen-Leroux et al. 1995; Poopathi et al. 1999; Su and Mulla 2004) , prompted us to search for new mosquitocidal bacteria. There are reports of isolation of Clostridum bifermentans, an anaerobic spore former and B. thuringiensis sub sp. israelensis/tochigiensis an aerobic spore former, from mangrove swamps and mangrove sediments of Malaysia and Japan (de Barjac et al. 1990; Maeda et al. 2001) . Among various biocontrol agent, B. thuringiensis subsp. israelensis and B. sphaericus have been extensively studied and used for mosquito control (Medeiros et al. 2005; Armengol et al. 2006) . Few other bacterial strains such as B. alvei and B. brevis (Khyami-Horani et al. 1999) , Brevibacillus laterosporus (Shida et al. 1996) , B. circulans (Darriet and Hougard 2002) and B. subtilis (Das and Mukherjee 2006) also have been reported to act against mosquito. Using entomopathogenic bacteria to control mosquitoes is a promising environmentally friendly alternative to chemical insecticides (Park and Federici 2009 ). The most widely used alternative control agents for mosquitoes are the insecticidal spore B. sphaericus (Federici et al. 2006; Park et al. 2010) . These bacteria produce parasporal endotoxin crystals during sporulation and these crystal proteins are responsible for their mosquitocidal activity. However, mosquito colonies develop resistance to B. sphaericus over a period of time where it is used extensively (Rao et al. 1995; Silva-Filha et al. 1995; Yuan et al. 2000) . Although no resistance to B. thuringiensis sub sp. israelensis has been reported in the field yet, laboratory selection of mosquitoes with B. thuringiensis sub sp israelensis proteins results in high levels of resistance Wirth et al. 1997) . Furthermore, mosquito resistance to any of these proteins results in significant cross-resistance to the others (Wirth et al. 2007 ). Mosquitoes, causing filariasis, malaria and encephalitis, are also known to occur in mangrove forests. But there is no devoted study on mosquitoes of particular coastal area of India covering mangroves, estuary and backwaters. Incidence of mosquito-borne diseases in Parangipettai, located near the Vellar estuary, signals that filariasis high in this area. These bacterium were identified and characterized through morphological and biochemical methods and their mosquitocidal activity was assessed against larval and pupal stages of vector species from mangroves.
Materials and methods

Sample collection
Bacterial strains were isolated from Parangipettai mangrove ecosystem, southeast coast of India. 10 g of soil samples was collected using sterile spatula and stored in sterile screw capped vials. Water samples of 10 ml were collected from marshy swamps and pits using sterile Pasteur pipette. To get samples with minimal effect of ultraviolet (UV) light, soil and water samples were collected from about 2-3 cm below the surface of the habitat. Leaf samples were collected using sterile scalpel from mangroves. To get the maximum UV protected phylloplane microbial population, they were obtained from 2.0 to 2.5 m above the ground and 0.3 m inside the outer leaf canopy of each tree or shrub.
Isolation of bacteria
After collection, samples were brought to the laboratory. 1 g of soil was weighed, transferred to a vial containing 10 ml of sterile water, and kept on a rotary shaker (New Brunswick Scientific Co. Inc., NJ, USA) at 100 rpm for 30 min, to dislodge bacterial cells from the soil particles. The supernatant was diluted tenfold and 0.1 ml was spread on pre-solidified nutrient yeast salt mineral agar (NYSM) containing 5 g glucose (bacteriological), 5 g peptone, 5 g NaCl, 3 g beef extract, 5 g yeast extract, 203 mg MgCl 2 , 10 mg MnCl 2 and 103 mg CaCl 2 (HiMedia, India) per liter of distilled water. Similarly, water samples were diluted tenfold with sterile water and plated as above. Leaf samples were transferred to 10 ml sterile water, kept on a rotary shaker for 30 min, diluted tenfold and plated as above. The bacterial suspensions were not subjected to pasteurisation before plating, expecting both gram-positive and gram-negative bacteria with mosquitocidal activity. The plates were incubated at 30°C for 48 h and bacterial colonies which formed were purified on NYSM agar. Each of the purified colonies was then sub cultured on NYSM agar slants, allowed to grow for 72 h and stored at 4°C. These bacterial isolates were screened for mosquito larvicidal activity (Sneath 1986 ).
Mosquito culture
The eggs of A. aegypti/A. stephensi were collected in and around Parangipettai area with the help of 'O' type brush.
The eggs were transferred to 18 9 13 9 4 cm-size enamel trays containing 500 ml of water for larval hatching larvae were fed a diet of brewer's yeast, dog biscuits. The mosquito larval and pupal culture was maintained in the laboratory. Pupae were transferred to plastic jars containing tap water which was placed in wooden mosquito cage (90 9 90 9 90 cm) where adults emerged.
Screening for mosquito larvicidal and pupicidal activity A loopful of bacteria from the NYSM slant was inoculated to 10 ml of NYSM broth and incubated (30°C) on a rotary shaker (200 rpm) for 72 h. After incubation, sample of 1 ml each from the whole culture was used to screen for mosquito larvicidal and pupicidal activity through bioassay. Bioassays were conducted in wax coated paper cups containing 25 third instar larvae/pupae of A. aegypti/A. stephensi in 100 ml chlorine-free tap water. Appropriate controls without the addition of the bacterial culture, but containing 1 ml of un-inoculated NYSM broth, were maintained. After 24 h of exposure, mortality was scored by counting the number of alive larvae/pupae present in the respective cups. A bacterial isolate was considered potent if it caused 100 % mortality of the test larvae or pupae. The potential bacterial cultures were further screened to find out whether the bacterial cells or their metabolites exhibited mosquitocidal activity. The cells and culture supernatant (CS) were separated by centrifuging the active cultures at 8,000 rpm for 20 min and bioassayed independently, as mentioned above. The dose of CS used was 1 ml while that of cell mass was 1 mg per 100 ml of water.
Larval/pupal toxicity test Laboratory colonies of mosquito larvae/pupae were used for the larvicidal/pupicidal activity. Twenty-five numbers of third instar and pupae (A. stephensi/A. aegypti) were introduced into wax coated paper cups containing 125 ml of dechlorinated tap water and 1 ml of un-inoculated NYSM broth. At each tested concentration, one to five different concentrations were made for each Bacillus species. The control mortalities were corrected by using Abbott's (1925) formula.
The LC 50 and LC 90 were calculated from toxicity data using probit analysis (Finney 1971 ).
Statistical analysis
The average larval mortality data were subjected to probit analysis for calculating LC 50 and LC 90 , and other statistics at 95 % confidence limit (LCL) and v 2 values were calculated using the SPSS 16.0 version (Statistical software package) to find the regression equation values. Results with P B 0.05 were considered to be statistically significant.
Results
The bacteria were isolated from 3 soil, 5 leaf and 4 water samples of mangrove habitat. A total of 15 bacteria were selected randomly from the isolates and screened for mosquitocidal activity. Preliminary screening with 1 ml of culture supernatant and/or 1 mg of SCC showed that 10 bacterial strains had mosquito larvicidal and pupicidal properties. Subsequently, all the 10 strains were bioassayed at different concentrations to find out their dosage dependent effect and upon this, three strains showed activity even at low concentrations. In screening assay ten bacterial cultures were used for larvicidal activity of A. stephensi and A. aegypti mosquito among which the ten of the isolates have been effective.
Corrected mortality ¼
Observed mortality in treatment À Observed mortality 100 À Control morality Â 100
Percentage mortality ¼ Number of dead larvae/pupae Number of larvae/pupae introduced Â100
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Mosquitocidal potential of the bacterial strains
The culture supernatants of B. subtilis, B. thuringiensis, B. sphaericus and B. cereus were taken and each was arranged as five different concentrations (1, 2, 3, 4 and 5 ll/ml) to find out the more toxic to the third instar larvae and pupae of A. stephensi and A. aegypti. Culture supernatant of B. thuringiensis (5 ll/ml) was more toxic to the pupae of A. stephensi. Similarly 4 ll/ml concentration of B. thuringiensis was toxic to the pupae of A. aegypti, compared to that of B. subtilis. The larvae and pupae of A. aegypti were more susceptible to 1 ll/ml of culture supernatant of B. thuringiensis. Against A. Aegypti, the larvicidal and pupicidal activity was higher in 5 ll/ml of B. subtilis. The percentage mortality of third instar larvae and pupae of A. stephensi and A. aegypti mosquito by B. subtilis, B. thuringiensis, B. sphaericus and B. cereus were represented in the Tables 1, 2 , 3 and 4. Although the isolated microbes were effective in control of A. stephensi and A. aegypti while B. thuringiensis was found to be highly effective which exhibit 92 ± 1 % mortality. The percentage mortality was varied with concentration of isolated microbial suspension and the incubation time.
Mosquito larvicidal activity of B. subtilis in terms of LC 50 and LC 90 values against A. stephensi were 3.803 and 6.129 ll/ml while against A. aegypti was 3.742 and 6.079 ll/ml. Mosquito pupicidal activity of B. subtilis in terms of LC 50 and LC 90 values against A. stephensi was 3.156 and 5.234 ll/ml while against A. aegypti it was 3.265 and 5.433 ll/ml. The regression equation values of B. subtilis for third instar larvae/pupa of A. stephensi were Y = -2.094 ? 0.550 X and Y = -1.946 ? 0.616 X while for A. aegypti Y = -2.051 ? 0.548 X and Y = -1.930 ? 0.591 X, respectively. Among the third instar larvae were more susceptible than the pupae. The B.
subtilis showed considerable larvicidal and pupicidal activity. The v 2 values were more significant (P B 0.05) for A. aegypti than A. stephensi (Table 1) .
Mosquito larvicidal activity in B. thuringiensis in terms of LC 50 and LC 90 values against A. stephensi was 3.488 and 6.573 ll/ml while against A. aegypti it was 2.356 and 5.278 ll/ml. Mosquito pupicidal activity in B. thuringiensis in terms of LC 50 and LC 90 values against A. stephensi was 3.129 and 4.968 ll/ml while against A. aegypti it was 2.685 and 4.639 ll/ml. The regression equation values of B. thuringiensis for third instar larvae/pupa of A. stephensi were Y = -1.449 ? 0.415 X and Y = -2.180 ? 0.696 X while against A. aegypti it was Y = -1.003 ? 0.439 X and Y = -1.760 ? 0.656 X, respectively. Third instar larvae were more susceptible than the pupae. The B. thuringiensis showed considerable larvicidal and pupicidal activity. The v 2 values were significant (P B 0.05) at A. aegypti than A. stephensi (Table 2) .
Mosquito larvicidal activity in B. sphaericus in terms of LC 50 and LC 90 values against A. stephensi was 3.915 and 6.851 ll/ml while against A. Aegypti it was 3.252 and 6.397 ll/ml. Mosquito pupicidal activity in B. sphaericus in terms of LC 50 and LC 90 values against A. stephensi was 3.267 and 6.615 ll/ml while against A. aegypti it was 4.256 and 6.619 ll/ml. The regression equation values of B. sphaericus for third instar larvae/pupa of A. stephensi were Y = -1.709 ? 0.437 X and Y = -1.250 ? 0.383 X while of A. aegypti Y = -1.325 ? 0.407 X and Y = -2.307 ? 0.542 X, respectively. The third instar larvae were more susceptible than the pupae. The B. sphaericus showed considerable larvicidal and pupicidal activity. The v 2 values were significant (P B 0.05) for A. aegypti than A. stephensi (Table 3) .
Mosquito larvicidal activity in B. cereus in terms of LC 50 and LC 90 values against A. stephensi was 3.488 and 0.414 X. The third instar larvae were more susceptible than the pupae. The B. cereus showed considerable larvicidal and pupicidal activity. The Chi square values were significant (P B 0.05) for A. aegypti than A. stephensi (Table 4) .
The initial concentration (1 ll/ml) of four microbial strains showed the mortality about 100 %, further the mortality rate was found to be higher with the increased concentration and was significant to each other and their mortality range was about 50-75 % within 24 h. The mortality rate was gradually increased with the incubation time range between 4 and 92 % in 48 h which is represented in the Tables 2, 3 and 4. The three microbial isolates B. thuringiensis, B. cereus and B. subtilis were effective which cause 92 % larval and pupa mortality at 48 h incubation in the bacterial concentrations of 2.356 ± 7.406 ll/ml and 2.685 ± 9.865 ll/ml (Tables 5, 6, 7, 8) . Mosquito species B. subtilis against third instar larvae (ll/ml) B. subtilis against pupae (ll/ml)
A. aegypti 9 ± 1 21± 1 50± 2 73± 2 80± 2 7± 1 16± 2 41± 2 42± 2 84± 2 Table 6 Screening the biological effects of B. thuringiensis secondary metabolites against two species of mosquitoes Mosquito species B. thuringiensis against third instar larvae (ll/ml) B. thuringiensis against pupae (ll/ml)
A. aegypti 20 ± 2 32± 2 41± 1 88± 2 12± 2 32± 3 40 ± 2 60 ± 2 72 ± 2 92 ± 1 J Parasit Dis (July-Sept 2015) 39(3):385-392 389
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Discussion
Natural sample is an excellent residence for plentiful microbes as they have ability to produce secondary metabolites applied in industrial production processes and biocontrol activities. Basis of this, natural as well as harmless microbial isolates screened and isolated from the mangrove environment for mosquito larvicidal properties under laboratory condition. Previous studies proved that B. thuringiensis subsp. israelensis (Bti) and B. sphaericus (Bsp) were entomopathogenic bacteria that have ability to control the larvae of A. aegypti mosquitoes (Das and Amalraj 1997) . Present study, reviewed that the B. thuringiensis, B. sphaericus, B. cereus and B. subtillis also have the ability to control Anopheleus stephensi and A. aegypti larvae effectively. The mosquitocidal strain B. subtilis showed vegetative growth from 4 to 24 h and then initiated sporulation. The production of mosquitocidal toxin was initiated after the lag phase, i.e., at fourth hour and the maximum mosquitocidal activity was obtained at 12 h. Hence, the mosquitocidal toxins in B. subtilis are produced during the vegetative phase of growth unlike in the case of B. thuringiensis and B. sphaericus where mosquitocidal toxin production accompanied sporulation (Aronson et al. 1986) . B. sphaericus is a spore forming aerobic bacterium, several strains of which are pathogenic for mosquito larvae.
In the present study, it was found that B. sphaericus exhibit 60 ± 3 % mortality rate compared to the other investigations. Reduced level lethality occurred when treated cell concentration of 5 ml/l of B. sphaericus was used to control Culex pipiens and C. quinquefasciatus mosquito larvae and in some areas it is also used to control Anopheles spp. (Surendran and John Vennison 2011) . A dosage of 1 g/m 2 was effective to achieve 100 % mortality rate for C.
quinquefasciatus late instar larvae in a sewage habitat, with a residual effect of up to 7 days (Lingenfelser et al. 2010) . Murugan et al. (2002) Kumar et al. (2012) have reported that the LC 90 value of I instar was 687.14 ppm, II instar was 913.10 ppm, III instar was 1,011.89 ppm, IV instar was 1,058.85 ppm, and pupa was 1,141.65 ppm of Culex quinquefasciatus, respectively. In the present results, the LC 50 and LC 90 values third instar larvae and pupae were 4.374-7.406 ll/ml and 4.928-9.865 ll/ml, respectively. The isolation of B. subtilis showing mosquito pupicidal activity assumes greater importance as they can be preserved as spores for long periods. As B. subtilis are a nonpathogenic species, normally found in soil, exhibiting a wide range of physiological and nutritional requirements (Blackwood et al. 2004) , they can be cultured easily and used for mosquito control safely. B. subtilis is a ubiquitous bacterium commonly recovered from water, soil, air, and decomposing plant residue. The bacterium produces an endospore that allows it to endure extreme conditions of heat and desiccation in the environment. The culture supernatant of a strain of B. subtilis subsp. subtilis isolated from mangrove forests was found to kill larval and pupal stages of mosquitoes through their secondary metabolite surfactin (Geetha and Manonmani 2008; Geetha et al. 2010) . Previously, Ohba et al. (2000) reported that a B. thuringiensis isolate was recovered from brackish sediment in mangroves of the island of Iriomote-jima. It is clear from the present results that B. thuringiensis is a rather common member of the microflora in mangrove environments of this island. The organism occurred in the sediments at a frequency of 1.3 % among the B. cereus/B. thuringiensis group. This value is comparable with that (0.9 %) obtained in natural soils of this island (Ohba et al. 2000) . Gupta and Vyas (1989) reported a strain of B. subtilis capable of causing mortality of larvae of Anopheles culicifacies, the primary vector of malaria in India. Recently, Das and Mukherjee (2006) , Geetha et al. (2007) and Geetha and Manonmani (2008) have reported mosquito larvicidal and pupicidal activities of cyclic lipopeptides (CLPs) secreted by B. subtilis strains. B. cereus also a gram positive, spore forming rod shaped bacteria used for biological control agent widely available in soil environment. B. cereus is a natural facultative mosquito pathogen (Krattiger 1997; Cooping and Menn 2001; Wirth et al. 2004; Teng et al. 2005) . B. cereus strains are able to colonize in the guts of the mosquito larvae (Plearnpis et al. 2001) . Insecticidal activity of spores of B. cereus against A. aegypti has been determined by Tyrell et al. (1981) . Significant larval reduction was observed using B. cereus as a facultative pathogen for A. subpictus Grassi larvae in the natural environment (Chatterjee et al. 2010) . Among the four strains such as B. cereus, B. subtilis, B. thuringiensis and B. sphaericus isolated from mangroves of Vellar estuary, three strains (B. subtilis, B. thuringiensis and B. sphaericus) have potential mosquitocidal activity. Hence, these mangrove inhabiting bacteria can be used for further research.
